Hepatitis C virus (HCV) infection is a global health concern affecting an estimated 3% of the world's population. Recently, cell culture systems have been established, allowing recapitulation of the complete virus life cycle for the first time. Since the HCV proteins p7 and NS2 are not predicted to be major components of the virion, nor are they required for RNA replication, we investigated whether they might have other roles in the viral life cycle. Here we utilize the recently described infectious J6/JFH chimera to establish that the p7 and NS2 proteins are essential for HCV infectivity. Furthermore, unprocessed forms of p7 and NS2 were not required for this activity. Mutation of two conserved basic residues, previously shown to be important for the ion channel activity of p7 in vitro, drastically impaired infectious virus production. The protease domain of NS2 was required for infectivity, whereas its catalytic active site was dispensable. We conclude that p7 and NS2 function at an early stage of virion morphogenesis, prior to the assembly of infectious virus.
Hepatitis C virus (HCV) is a major causative agent of severe liver disease, with an estimated 170 million people infected worldwide (36) . HCV is the sole member of the genus Hepacivirus, which, together with the Flavivirus and Pestivirus genera, comprise the family Flaviviridae (reviewed in reference 21). The HCV genome is approximately 9,600 nucleotides in length and is translated from an internal ribosome entry site (IRES) to generate a polyprotein in the order NH 2 -C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH. Co-and posttranslational processing of the polyprotein by viral and cellular proteases yields the individual viral proteins. Core (C) and envelope proteins (E1 and E2) are the major structural proteins, which, together with a host derived lipid bilayer and the viral RNA, comprise the virion. The nonstructural (NS) proteins, NS3 to NS5B, are essential components of the viral replicase. NS3 possesses helicase and NTPase activities and, along with its cofactor NS4A, comprises the major viral protease. NS4B and NS5A play essential, but as yet undefined roles in RNA replication. NS5B is the RNA-dependent RNA polymerase (RdRp). p7 and NS2 are dispensable for RNA replication, since subgenomic replicons that lack the entire C to NS2 coding region replicate autonomously (2, 22) . p7 is a small (63 amino acids) hydrophobic protein that is predicted to span the membrane twice. Both the N and C termini of p7 reside within the endoplasmic reticulum (ER) lumen, with a short, basic intervening loop exposed to the cytoplasm (4) . The N and C termini of p7 are released from the polyprotein by host signal peptidase. Incomplete and delayed processing leads to the accumulation of E2-p7 and p7-NS2 precursors, respectively. (10, 19, 25) . While sequence determinants within both p7 and NS2 have been shown to modulate E2-p7 and p7-NS2 cleavage efficiencies (3), the functional importance of these precursors is not known. In chimpanzees, p7 was found to be essential for HCV infectivity (31) . Moreover, disruption of either uncleaved E2-p7 or p7-NS2 using an encephalomyocarditis virus (EMCV) IRES abolished infectivity in this system. In vitro, p7 oligomerizes to form ion-conducting channels (12, 28, 29) , the activity of which can be disrupted by mutation of conserved basic residues within the cytoplasmic loop (13) . Mutation of these residues in the context of the chimpanzee model system was also found to block infectivity (31) .
NS2 is a membrane-associated cysteine protease (10, 23) . The N terminus of NS2 consists of one or more transmembrane domains, the exact number of which remains controversial. The C-terminal domain of NS2, together with the N-terminal third of NS3, forms the NS2-3 protease, an enzyme that catalyzes a single cleavage between the two proteins (10) . The crystal structure of the C-terminal domain of NS2 has recently been determined and reveals a dimeric protease containing two composite active sites (23) . Although NS2 itself is not required for RNA replication, its cleavage from NS3 is essential (18, 35) . The significance of sequences within NS2 to the infectivity of intergenotypic chimeras has suggested that NS2 may play a role in infectious virus production (30, 38) .
Recently, systems allowing the study of the complete HCV life cycle in cell culture (HCVcc) have been developed (20, 34, (38) (39) (40) . HCVcc relies on a unique genotype 2a patient isolate, JFH-1, which exhibits robust replication and infectious virus production in specially developed human hepatoma cells (Huh-7.5). Our laboratory developed a chimeric genome termed J6/JFH that expresses the J6 structural proteins (20) and exhibits enhanced infectious virus production relative to the JFH-1 parent (30) . With the advent of the HCVcc system the determinants of infectious virus production can be studied for the first time. Here, we report an analysis of the importance of p7 and NS2 for HCVcc infectivity. Using bicistronic genomes, we demonstrate that unprocessed forms of p7 (E2-p7 and p7-NS2) are not essential for infectious virus production. Utilizing a novel monocistronic reporter virus, we demonstrate that p7 itself is essential for infectivity and that mutations introduced into the basic cytoplasmic loop of p7 are deleterious to this function. We report that NS2 is also required for HCVcc infectivity. Using a bicistronic genome to separate NS2 from NS3, we find that unprocessed NS2-3 is not required for infectious virus production and that the NS2 protease domain, but not its active site, is essential for infectious virus production. Finally, we provide evidence that both p7 and NS2 function prior to the formation of intracellular infectious virus.
MATERIALS AND METHODS
Cell culture. Huh-7.5 cells were propagated in Dulbecco modified Eagle medium (Gibco) supplemented with 10 mM nonessential amino acids and 10% fetal bovine serum, referred to below as complete medium. Cells were grown at 37°C in 5% CO 2 .
Plasmid constructs. Plasmids were constructed by standard methods. Constructs were verified by restriction enzyme digestion and sequencing. Descriptions of the cloning strategies are provided below, plasmid and primer sequences are available upon request. Unless otherwise noted, positions are based on nucleotide (nt) numbering of the J6/JFH chimeric genotype 2a genome (20) . All constructs are based on this genome or its derivative, J6/JFH1.1, which includes unique silent restrictions sites at positions 2392 (BglII) and 2955 (NotI).
(i) E2-IRES-p7 and p7-IRES-NS2. E2-IRES-p7 contains the EMCV IRES inserted after nt 2590 in J6/JFH1.1, with the addition of a stop codon and a unique PmeI site after E2 and a start codon before p7. p7-IRES-NS2 contains the EMCV IRES inserted after nt 2779 in J6/JFH1.1 with the addition of a stop codon and a unique PmeI site after p7 and a start codon before NS2. For all bicistronic constructs the EMCV IRES sequence was obtained from a previously described subgenomic JFH-1 replicon (16) by PCR amplification.
(ii) J6/JFH(p7-Rluc2A) and mutant derivatives. To construct the reporter virus genome J6/JFH(p7-Rluc2A), a unique silent restriction site was introduced between the p7 and NS2 coding sequence at position 2784 (MluI) in J6/FH1.1 using overlapping PCR mutagenesis. This site was used to insert a 995-bp DNA cassette encoding the Renilla luciferase gene (Rluc) in tandem with the footand-mouth disease virus (FMDV) 2A peptide (Rluc2A), PCR amplified from FL-J6/JFH-C19ЈRluc2AUbi (33) using primers containing MluI restriction sites. To construct ⌬p7-Rluc2A, an in-frame deletion of the entire p7 coding sequence (nt 2591 to 2779) was introduced into J6/JFH(p7-Rluc2A) by using PCR deletion mutagenesis. Mutations in p7 (N17A, N17/Y21F, Y21F, K33A/R35A, and K33Q/ R35Q, p7 protein numbering) were introduced into J6/JFH(p7-Rluc2A) by overlapping PCR mutagenesis using primers containing the desired changes.
(iii) NS2-IRES-NS3 and mutant derivatives. NS2-IRES-NS3 contains the EMCV IRES inserted after nt 3430 in J6/JFH with the addition of a stop codon and a unique PmeI site after NS2 and a start codon before NS3. ⌬NS2-IRES-NS3 contains a deletion of the complete NS2 coding sequence (nt 2780 to 3430) in NS2-IRES-NS3 and includes a stop codon and a unique PmeI site after p7. NS2⌬pro-IRES-NS3 contains a partial deletion encompassing the C-terminal protease domain of NS2 (nt 3077 to 3430) in NS2-IRES-NS3. A mutation of the NS2 protease active site catalytic cysteine residue (C184A, NS2 protein numbering) was introduced into J6/JFH and NS2-IRES-NS3 by overlapping PCR mutagenesis using primers encoding the desired change.
(iv) NS2-IRES-Gluc2AUbi and mutant derivatives. The NS2 bicistronic reporter genome encodes the Gaussia luciferase (Gluc) (32) in the second cistron of NS2-IRES-NS3. The coding sequence for Gluc, excluding the first 16 residues, was PCR amplified from pCMV-GLuc (New England Biolabs, Ipswich MA). A Gluc2AUbi reporter gene cassette, encoding Gluc in tandem with FMDV 2A and ubiquitin (Ubi) sequences obtained from FL-J6/JFH-C19ЈRluc2AUbi (33) , was fused to the N terminus of NS3 in NS2-IRES-NS3 using overlapping PCR. ⌬NS2-IRES-NS3 and NS2⌬pro-IRES-NS3 derivatives of NS2-IRES-Gluc2AUbi were obtained by ligation of EcoRI/PmeI fragments containing NS2 deletions from their respective nonreporter bicistronic constructs, with the 10,294-bp EcoRI/PmeI fragment from NS2-IRES-Gluc2AUbi.
(v) ⌬E1E2 and GNN containing genomes. ⌬E1E2 genomes were constructed essentially as described previously (34) and contain a large in-frame deletion within the E1E2 coding sequence (nt 989 to 2041). GNN genomes contain a double mutation within the RdRp motif of NS5B (GDD to GNN).
RNA transcription. In vitro transcripts were generated as previously described (20) . Briefly, plasmids were linearized by XbaI and purified by using a Minelute column (QIAGEN, Valencia, CA). RNA was transcribed from 1 g of purified template by using the T7 Megascript kit (Ambion, Austin, TX). Reactions were incubated at 37°C for 3 h, followed by a 15-min digestion with 3 U of DNase I (Ambion). RNA was purified by using an RNeasy kit (QIAGEN) with an additional on-column DNase treatment. RNA was quantified by absorbance at 260 nm and diluted to 0.5 g/l. Prior to storage at Ϫ80°C, RNA integrity was determined by agarose gel electrophoresis and visualization by ethidium bromide staining.
RNA electroporation. Huh-7.5 cells were electroporated with RNA as previously described (20) . Briefly, Huh-7.5 cells were treated with trypsin, washed twice with ice-cold RNase-free AccuGene phosphate-buffered saline (PBS; BioWhittaker, Rockland ME), and resuspended at 1.75 ϫ 10 7 cells/ml in PBS. Then, 5 g of each RNA was combined with 0.4 ml of cell suspension and immediately pulsed using a BTX ElectroSquare Porator ECM 830 (820 V, 99 sec, five pulses). Electroporated cells were incubated at room temperature for 10 min prior to resuspension in 15 ml of complete medium. Resuspended cells were plated into 24-well and P100 tissue culture dishes.
Assays for RNA replication. At 8, 24, 48 , and 72 h postelectroporation, cells in 24-well plates were washed with Dulbecco PBS (DPBS) and lysed by the addition of Renilla lysis buffer (Promega, Madison WI) or RLT buffer (QIAGEN) containing 0.14 M ␤-mercaptoethanol for assay of replication by luciferase activity or quantitative reverse transcription-PCR (qRT-PCR), respectively. For luciferase assay, lysates stored at Ϫ80°C were thawed completely prior to addition of Renilla substrate (Promega) according to the manufacturer's instructions. The luciferase activity was measured by using a Berthold Centro LB 960 96-well luminometer (Berthold, Bundoora, Australia). For qRT-PCR analysis, prior to storage at Ϫ80°C, lysates were homogenized by centrifugation through a QiaShredder column (QIAGEN) for 2 min at 14,000 ϫ g. Total RNA was isolated by RNeasy kit (QIAGEN) and quantified by determining the absorbance at 260 nm. A total of 50 ng of total cellular RNA was used per reaction. qRT-PCRs were performed on a LightCycler 480 (Roche, Basel Switzerland) using the LightCycler amplification kit (Roche) with primers directed against the viral 5Ј untranslated region. We assembled 20-l reactions according to the manufacturer's instructions.
Assays for infectious virus production. At 8, 24, 48 , and 72 h postelectroporation, the media in P100 dishes were harvested and replaced with complete media. Harvested cell culture supernatants were clarified by using a 0.22-mpore-size filter and stored in aliquots at Ϫ80°C. For detection of infectious virus production by luciferase assay, naive cells were infected with clarified cell culture supernatants and incubated for 48 h prior to analysis. For cotransfection of RNA, after removal and replacement of the media at 8 h posttransfection, cell culture supernatants were harvested at 72 h posttransfection and assayed for infectious virus. For cell-free passage, naive cells were infected with cell culture supernatants harvested at 72 h posttransfection and incubated for an additional 72 h prior to assay for infectious virus production by luciferase assay. Determination of infectious virus production by limiting dilution assay was performed as described previously (20) . Briefly, clarified cell culture supernatants were serially diluted and used to infect approximately 3 ϫ 10 3 cells plated in 96-well dishes. At 4 days postinfection, cells were washed with DPBS, fixed with ice-cold methanol, and stained for the presence of NS5A expression as described previously (20) . The 50% tissue culture infectious dose (TCID 50 ) was calculated (20) .
Core ELISA. Ortho HCV antigen enzyme-linked immunosorbent assay to quantify core protein (ELISA; Ortho Clinical Diagnostics, Raritan, NJ) was performed according to the manufacturer's instructions. Briefly, cell culture supernatants harvested at 72 h postelectroporation were appropriately diluted and then applied to plates coated with a mixture of mouse anti-core monoclonal antibodies (MAbs). Antigen was detected by the addition of a second MAb cocktail conjugated to horseradish peroxidase. After a washing step, the wells were developed by the addition of substrate and subsequent stop solution; the absorbance at 490 nm was measured. Core was quantified by comparison to a standard curve using Softmax software.
Assay for intracellular infectivity. At 72 h postelectroporation, cells were washed with DPBS twice, harvested by treatment with trypsin, and pelleted at 500 ϫ g for 5 min. Pellets were resuspended in complete medium and lysed by four freeze-thaw cycles. Cell lysates were clarified twice by centrifugation at 1,500 ϫ g for 5 min. The supernatant was collected and used for infection of naive cells in the presence of anti-CD81 MAb (␣-CD81; JS81; Pharmingen, San Diego, CA) or an isotype control (␣-IgG1; anti-mouse IgG1; Pharmingen) at a final concentration of 10 g/ml. After 4 h of infection, the medium was removed 
RESULTS
p7 processing intermediates are not required for infectious virus production. Incomplete or delayed processing has been reported to lead to the accumulation of E2-p7 and p7-NS2 precursors, respectively. (10, 19, 25) . The functional significance of these uncleaved proteins, however, is not known. To assess the importance of these intermediates to the viral life cycle, an EMCV IRES was used to separate p7 from either E2 or NS2 (Fig. 1A) . In the bicistronic genome E2-IRES-p7, the first cistron, C through E2, is translated from the HCV IRES, while in the second cistron the EMCV IRES initiates translation at the N terminus of p7. A similar bicistronic genome, p7-IRES-NS2, encodes C through p7 in the first cistron and begins translation of the second cistron at the N terminus of NS2. To assess the viability of the E2-IRES-p7 and p7-IRES-NS2 genomes, Huh-7.5 cells were electroporated with in vitrogenerated transcripts, and RNA replication was examined by qRT-PCR at several time points posttransfection (Fig. 1B) . Although both bicistronic genomes replicated similarly, they were moderately impaired relative to the monocistronic genome J6/JFH or J6/JFH⌬E1E2, which contains an in-frame deletion of the envelope proteins. J6/JFH(GNN), which encodes a lethal mutation of the conserved NS5B RdRp motif (GDD to GNN), did not replicate and served as a negative control.
Infectious virus production by cells harboring the transfected HCV genomes was quantified by a limiting dilution (TCID 50 ) assay (Fig. 1C) . Relative to J6/JFH, E2-IRES-p7 and p7-IRES-NS2 demonstrated a decrease of approximately 10-to 20-fold in infectious virus production at 24 h posttransfection. At later time points, however, titers approached J6/JFH, suggesting that neither unprocessed E2-p7 nor p7-NS2 play an essential role in infectious virus production. In addition, the viability of both genomes indicates that neither p7 nor NS2 require their native signal sequences, normally provided by the C terminus of E2 and p7, respectively, to function in the virus life cycle.
Characterization of a novel J6/JFH reporter virus encoding luciferase. The ability to functionally separate p7 from its processing intermediates suggested the possibility of inserting a reporter in this region of the genome. A monocistronic reporter virus was created in which the Renilla luciferase (Rluc) gene was inserted between the p7 and NS2 coding sequences ( Fig. 2A) . The signal sequence at the C terminus of p7 was predicted to mediate translocation of the reporter into the ER lumen, allowing its subsequent release from the polyprotein by signal peptidase. To ensure correct processing of Rluc at its C terminus, the FMDV 2A peptide was included (7). 2A mediates a cotranslational, autocatalytic cleavage at its own C terminus, leaving a non-native proline residue at the N terminus of NS2. The liberated Rluc protein remains fused to the FMDV 2A peptide. This reporter genome was designated J6/ JFH(p7-Rluc2A) ( Fig. 2A) .
To assess the viability of J6/JFH(p7-Rluc2A), RNA replication was measured at various time points after electroporation of Huh-7.5 cells with in vitro-generated transcripts. Both qRT-PCR analysis of viral RNA accumulation and quantification of the luciferase activity in cell lysates indicated that J6/JFH(p7-Rluc2A) and J6/JFH(p7-Rluc2A)⌬E1E2 replicated, whereas J6/JFH(p7-Rluc2A)GNN did not ( Fig. 2B and C) . A correlation was observed between the accumulation of HCV-specific RNA and the level of reporter gene expression over time, indicating that luciferase activity could be used as a sensitive measure of HCV RNA replication.
To evaluate the ability of J6/JFH(p7-Rluc2A) to produce infectious virus, clarified cell culture supernatants, harvested at various time points posttransfection, were used to infect naive Huh-7.5 cells. Assay of infected cells for luciferase activity after 48 h indicated that J6/JFH(p7-Rluc2A) was capable of infectious virus production, whereas J6/JFH(p7-Rluc2A)⌬E1E2 and J6/JFH(p7-Rluc2A)GNN were not (Fig. 2D) . To determine whether the observed transduction of luciferase activity was the result of authentic HCV infection, cell culture supernatants were treated with an MAb previously shown to block essential interactions of HCV with its receptor molecule CD81 (20) . Treatment of supernatant with ␣-CD81, but not with an isotype control antibody (␣-IgG1), resulted in a significant reduction in luciferase activity, indicating that J6/JFH(p7-Rluc2A) virions infected cells via native entry pathways (Fig.  2E) . The titer of J6/JFH(p7-Rluc2A) determined by TCID50 assay reflected the transduced luciferase activity and indicated that the reporter virus produced approximately 5-to 10-fold less infectious virus than J6/JFH at 48 h posttransfection (data not shown). These results demonstrate that an Rluc insertion in the p7-NS2 coding region allows efficient infectious virus production and that reporter gene expression could be used to assess levels of RNA replication and virus infection.
p7 is essential for infectious virus production. Using the J6/JFH(p7-Rluc2A) reporter virus, we investigated the importance of p7 in the viral life cycle. This genome had the advantages of the sensitive reporter activity, as well as an organization that allowed p7 to be deleted without creating a potentially deleterious fusion of E2 and NS2 sequences. An in-frame deletion of the entire p7 coding sequence was introduced into J6/JFH(p7-Rluc2A), resulting in ⌬p7-Rluc2A. Assay for intracellular luciferase activity at various time points posttransfection revealed no significant differences in RNA replication between J6/JFH(p7-Rluc2A) and ⌬p7-Rluc2A (Fig. 3A) . These results indicated that neither the p7 coding sequence, nor the protein itself, was required for RNA replication. To assay for infectious virus production, naive cells were infected with clarified cell culture supernatants harvested at 24, 48, and 72 h posttransfection. In contrast to J6/JFH(p7-Rluc2A), ⌬p7-Rluc2A failed to produce detectable levels of infectious virus, suggesting that p7 was essential for infectivity (Fig. 3B) .
Since Rluc is C-terminal to E2 in this genome, it was possible that the introduced deletion of p7 disrupted structural protein function. To determine whether the ⌬p7-Rluc2A structural proteins were functional, Huh-7.5 cells were cotransfected with ⌬p7-Rluc2A and J6/JFH(p7-Rluc2A)⌬E1E2 genomes. Whereas transfection with either genome alone did not allow infectious virus production, cotransfection resulted in detectable levels of infectivity, suggesting that the structural proteins encoded by ⌬p7-Rluc2A were indeed functional (Fig.  3C) . Importantly, infectious virus produced by cotransfection of ⌬p7-Rluc2A and J6/JFH(p7-Rluc2A)⌬E1E2 was able to initiate only a single round of infection, indicating that genetic recombination had not occurred (Fig. 3C) . These data show that p7 was not required for RNA replication but was essential for infectious virus production.
Mutation of residues affecting the putative ion channel activity of p7. p7 has been reported to form oligomers that can function as ion-conductive channels in vitro. Hexameric and heptameric models of the ion channel have been proposed in which the first transmembrane domains of adjacent p7 mono- 
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on October 15, 2017 by guest http://jvi.asm.org/ mers form a hydrophilic pore through which ions pass (5, 27) . In addition, basic residues within a short conserved cytoplasmic loop between the transmembrane domains may form an ion gate and are apparently critical for the ion channel activity of p7 in vitro (13) . We investigated the importance of two residues predicted to line the hydrophilic pore, as well as two basic residues within the cytoplasmic loop of p7 in the context of the J6/JFH(p7-Rluc2A) reporter virus. Mutations affecting the putative hydrophilic pore were introduced at positions 17 (N17A) and 21 (Y21F) of p7 (p7 protein numbering), either separately or together. The two basic cytoplasmic loop residues were mutated together to either alanine (K33A/R35A) or glutamine (K33Q/R35Q). No significant differences in RNA replication were observed between J6/JFH(p7-Rluc2A) and the mutant genomes (Fig.  3A) . Moreover, whereas N17A and N17A/Y21F showed very slight decreases in infectious virus production, Y21F was not impaired (Fig. 3B) . In contrast, mutation of the basic loop residues significantly impaired infectious virus production. K33A/R35A exhibited the most drastic phenotype, with only low levels of infectious virus detectable at the latest time point examined (72 h). K33Q/R35Q, although also significantly reduced in infectious virus production, exhibited a less severe phenotype. These results suggested that the basic cytoplasmic loop residues of p7 are functionally important, whereas the residues predicted to line the hydrophilic pore are not.
p7 acts at an early stage of virion morphogenesis. It was possible that the defects observed upon deletion of p7 or mutation of its basic cytoplasmic loop residues were the result of a drastic reduction in the infectivity of released virions. To investigate this, we utilized a sensitive ELISA to determine the amount of core protein released into cell culture supernatants. ⌬p7-Rluc2A, the highly impaired mutants K33A/R35A and K33Q/R35Q, and J6/JFH(p7-Rluc2A)⌬E1E2 showed similar levels of HCV core protein release at 72 h posttransfection and were all significantly reduced from J6/JFH(p7-Rluc2A) (Fig.  4A ). These data suggested that the loss of infectious virus production observed upon deletion or mutation of p7 was not the result of decreased infectivity of secreted particles but rather caused by a general block in virion release.
To further investigate the stage of virion production at which p7 might be involved, we determined the effects of its deletion or mutation on intracellular infectious virus accumulation. At 72 h posttransfection, cells were washed and lysed by multiple freeze-thaw cycles to release intracellular particles (8) . Cells infected with the resultant lysates were assayed for luciferase activity at 48 h postinfection. Lysis of cells harboring J6/ JFH(p7-Rluc2A) resulted in the release of intracellular infectious virus (Fig. 4B) . Furthermore, this infectivity could be neutralized with an ␣-CD81 antibody but not with an isotype control, confirming that the luciferase transduction was the result of authentic viral infection. In contrast to J6/JFH(p7-Rluc2A) but similar to J6/JFH(p7-Rluc2A)⌬E1E2, lysates derived from ⌬p7-Rluc2A transfected cells transduced only background levels of luciferase activity, indicating that no intracellular infectivity was released. The p7 mutants K33A/ R35A and K33Q/R33Q showed low levels of intracellular infectious virus (Fig. 4B) , corresponding to the low levels extracellular infectious virus observed (Fig. 3B) . Taken together, these data indicate that p7 functions at an early stage in virus morphogenesis, prior to the assembly and release of infectious intracellular virions.
NS2, but not uncleaved NS2-3, is required for infectious virus production. The tolerance of the E2-p7 and p7-NS2 regions to insertion of foreign sequences led us to investigate whether other regions of the HCV genome were as flexible. In particular, we were interested in examining the importance of the junction between NS2 and NS3, since in the case of the related Pestivirus, bovine viral diarrhea virus (BVDV), uncleaved NS2-3 has been shown to be essential for infectious virus production (1). To determine whether unprocessed NS2-3 was required for HCV infectivity, this precursor was disrupted by insertion of an EMCV IRES. The resultant bicistronic genome was named NS2-IRES-NS3 (Fig. 5A) . Replication of NS2-IRES-NS3 was monitored at various time points posttransfection by qRT-PCR analysis and was found to be moderately impaired relative to J6/JFH (Fig. 5B) . Determination of infectious virus titers by limiting dilution assay indicated that NS2-IRES-NS3 was competent for infectious virus production (Fig. 5C ). The reduction in titers relative to J6/JFH, particularly at early time points, was consistent with the decreased replication of NS2-IRES-NS3. These data indicated that unprocessed NS2-3 was not required for HCV infectivity.
To determine the importance of NS2 itself in the viral life cycle, bicistronic genomes encoding either a complete deletion of the protein (⌬NS2-IRES-NS3) or a partial deletion encompassing the C-terminal protease domain of NS2 (NS2⌬pro-IRES-NS3) were constructed. Replication of each construct was monitored at 8, 24, 48, and 72 h postelectroporation by qRT-PCR analysis. Similar to NS2-IRES-NS3, replication of each bicistronic genome was moderately decreased relative to the parental monocistronic J6/JFH (Fig. 5B) . These results were consistent with previous findings that NS2 is not essential for RNA replication. Infectious virus production was determined by limiting dilution assay of clarified cell culture supernatants harvested at 24, 48, and 72 h postelectroporation. Neither ⌬NS2-IRES-NS3 nor NS2⌬pro-IRES-NS3 produced detectable levels of infectious virus, indicating that even when separated from NS3, at least the protease domain of NS2 was essential for HCV infectivity.
To examine the importance of the NS2-3 protease activity, the active-site cysteine of the NS2 protease was mutated to alanine (C184A) in the context of both mono-and bicistronic genomes. Mutation of the NS2 protease active site within the monocistronic, J6/JFH(C184A), but not the bicistronic genome, NS2(C184A)-IRES-NS3, drastically impaired RNA replication (Fig. 5B) . These results are consistent with the essential role of NS2-3 cleavage for RNA replication (18, 35) . Analysis of infectious virus production at various time points posttransfection indicated that NS2(C184A)-IRES-NS3 produced infectious titers similar to those of NS2-IRES-NS3. These data suggest that the catalytic activity of the postcleavage form of NS2 was not required for infectious virus production. Taken together, these results indicate that NS2, but not its uncleaved precursor, is essential for infectious virus production and that the NS2 protease domain, but not its catalytic activity, is important for this function.
NS2 acts at an early stage of virion morphogenesis. To further define the role of NS2 in HCV infectivity, we investigated whether disruption of this protein resulted in noninfectious particle production. Similar amounts of core protein release into cell culture supernatants were seen for J6/ JFH⌬E1E2, ⌬NS2-IRES-NS3, and NS2⌬pro-IRES-NS3 at 72 h postelectroporation, suggesting that deletion of NS2 did not result in the production of noninfectious particles and that these defective genomes exhibited a general block in virion release (Fig. 5D) .
We next investigated whether deletion of NS2 affected the accumulation of infectious intracellular virus. To facilitate this experiment, we constructed a reporter derivative of NS2-IRES-NS3, in which Gaussialuciferase (Gluc) was inserted at the beginning of the second cistron, immediately upstream of NS3. To ensure proper processing, FMDV 2A and a ubiquitin (Ubi) monomer were included downstream of Gluc. The resulting bicistronic reporter genome was named NS2-IRES- Gluc2AUbi (Fig. 5A) . Comparison of NS2-IRES-NS3 and NS2-IRES-Gluc2AUbi by limiting dilution assay indicated that the two genomes produced similar levels of infectious virus at 48 h postelectroporation (data not shown). Similarly, replication and infectious virus production of the NS2 deletion mutants in the context of the reporter genome were consistent with results from the nonreporter background (data not shown).
To examine the accumulation of intracellular infectious virus, cells transfected with NS2-IRES-Gluc2AUbi genomes were washed and then lysed by multiple rounds of freezethawing. Cells inoculated with the resulting lysates were assayed for luciferase activity after 48 h. Infection of naive cells with lysates derived from NS2-IRES-Gluc2AUbi resulted in transduced luciferase activity that was neutralized in the presence ␣-CD81, but not ␣-IgG1 antibodies, thus confirming the release of authentic viral particles (Fig. 5E) . In contrast to NS2-IRES-Gluc2AUbi but similar to NS2-IRES-Gluc2AUbi⌬E1E2, neither ⌬NS2-IRESnsGluc2AUbi nor NS2⌬pro-IRES-Gluc2AUbi derived lysates transduced significant luciferase activity, indicating an absence of intracellular infectivity (Fig. 5E ). These results indicated that NS2 functions at an early stage of virus morphogenesis and that at least the protease domain is an essential determinant of this activity.
DISCUSSION
The recent development of a full infectious system has allowed the complete life cycle of HCV to be studied for the first time and the roles of proteins not required for RNA replication to be assigned. p7 and NS2 are two NS proteins that are dispensable for RNA replication and whose roles are not fully understood. Here we carried out a deletion and mutation analysis of p7 and NS2 and report that these proteins perform essential roles in the production of infectious virions in the HCVcc system.
The small, hydrophobic nature of p7 prompted its classification as a viroporin, a class of virally encoded proteins that includes influenza virus M2 and which are generally thought to be involved in various stages of virus assembly (see reference 9 for a review). A common characteristic of these proteins is their ability to self-organize in lipid membranes to form ion conducting channels. Several laboratories have demonstrated this property of p7, suggesting that, like M2, one of its functions may be to protect glycoproteins from undergoing rear- rangements during virus egress by modulating the pH of acidic intracellular membrane compartments (12, 28, 29) . Here we report that, consistent with this hypothesis, p7 does function in infectious virus production. In addition, mutation of two basic residues in the cytoplasmic loop of the protein, previously shown to be required for ion channel activity (13) , severely impaired infectivity.Mutation of hydrophilic residues predicted to line the interior of the channel did not have as drastic impact on infectivity, although the effects of these mutations on ion channel activity in vitro are not known.
Although p7 was found to be essential for the production of infectious virus, our data are not entirely consistent with a role for p7 solely as an ion channel involved in egress. The production of extracellular infectious virus has recently been shown to be preceded by the accumulation of intracellular infectious virus, likely transiting the secretory pathway (8) . If p7 is functioning solely as an ion channel to protect glycoproteins from inactivation late in egress, infectious intracellular virus that had not yet been inactivated would be predicted to be liberated by freeze-thawing. We did not detect such virus, suggesting that if p7 does play a role in egress, it likely also acts early in morphogenesis prior to infectious particle production. Unfortunately, details regarding infectious virus production for HCV are not well understood, and it is possible that the assembly of infectious virions and their subsequent egress to late-stage compartments may occur with sufficiently rapid kinetics that, in the absence of p7, intracellular infectious virions are promptly inactivated and therefore undetectable. Recent studies of HCV entry, however, provide further evidence that ion channel activity may not be the primary function of p7. By analogy with other members of the Flaviviridae, it had been presumed that virions undergo a maturation step during egress, prior to release, in which particles become acid sensitive and as a consequence primed for receptor-mediated endocytosis. Recent evidence, however, suggests that HCV virions are not primed but rather are acid resistant until triggered by unknown factors during entry (33) . Although it is not known whether intracellular virions are also acid resistant, this finding might obviate the need for the protective ion channel activity of p7 during egress.
Another possibility is that the ion channel activity of p7 may be required during virus entry. In this model, virion incorporated p7 would facilitate virion disassembly by acidification of the particle during uptake, similar to the role of M2 protein in influenza virus. Although p7 does not appear to be a major component of the virion, it has been suggested that E2-p7 is capable of incorporation into virus-like particles in insect cells (15) . However, if p7 does play an essential role as a component of the HCV virion, its incorporation is not dependent on E2-p7, since we found this unprocessed form of p7 was dispensable for infectious virus production. Moreover, in the absence of p7, virus structural protein release was not significantly different from an assembly defective control, suggesting that the observed loss of infectivity was not due to aberrant production of noninfectious virions. Thus, it is unlikely for p7 to a have a role solely in virus entry.
We therefore hypothesize that p7 acts early in infectious virus particle assembly rather than in late egress or entry. In addition, it is possible that mutations within the basic cytoplasmic loop may affect other aspects of p7 that are essential to its function including membrane topology, localization, and/or interactions with other viral proteins. Accumulating evidence suggests that p7 likely interacts with other proteins important for infectivity. We have reported that compensatory mutations in p7 overcome core protein mutants that are defective early in infectious virus assembly (C. L. Murray, C. T. Jones, J. Tassello, and C. M. Rice, submitted for publication). In addition, growing evidence suggests a genetic interaction between p7 and NS2 (30, 38) .
Here we report that NS2 is also required for infectious virus production and, similar to p7, acts early in virion morphogenesis prior to the accumulation of infectious intracellular virus. NS2, together with NS3, forms the NS2-3 protease, which is responsible for a single cleavage of the HCV polyprotein at the C terminus of NS2 (10) . The recently determined structure of the protease domain of NS2 suggests that, once cleaved, retention of the C terminus of NS2 within its active-site substrate-binding pocket might render the enzyme inactive (23) . Indeed, we found that once removed from NS3, the catalytic activity of the postcleavage form of NS2 does not appear to play an essential role in either RNA replication or infectious virus production.
Recent reports of intergenotypic chimeras have suggested genetic interactions between the N-terminal transmembrane domain of NS2 and upstream sequences, while the protease domain required compatibility with other NS proteins (30) . This indicates that the NS2 protease domain may form important interactions with other NS proteins during the process of virion assembly. In BVDV, it has been shown that uncleaved NS2-3 is essential for infectious virus production (1). In HCVcc we observed that preventing the production of uncleaved NS2-3 using the bicistronic genome NS2-IRES-NS3, resulted in only a moderate impairment of infectious virus production. It is still possible that once cleaved, NS2 and NS3 may associate to form a complex with a function analogous to that of unprocessed NS2-3 in BVDV. Indeed, a physical interaction between NS2 and NS3 has been reported (17) .
Similar to uncleaved NS2-3, uncleaved forms of p7 were found to be dispensable for infectious virus production in HCVcc. This observation is consistent with previous work in which a BVDV bicistronic genome lacking unprocessed E2-p7 was fully infectious; p7-NS2 was not investigated in the Pestivirus system (14) . These results suggest that, although the unusual processing phenotype of the E2-p7-NS2 region appears to be conserved between the Hepacivirus and Pestivirus genera, its regulation does not appear to play an essential role in infectious virus production in vitro. It should be noted, however, that similar genotype 1a bicistronic genomes were reported to be noninfectious in a chimpanzee study (31) . This discrepancy may be explained by our observation that bicistronic genomes were moderately impaired in RNA replication and infectious virus production, which may result in an inability to reach a threshold of infectivity in vivo. Moreover, significant differences in RNA replication efficiencies between genotype 2a JFH-1-derived genomes, such as J6/JFH, and those of genotype 1 origin, likely affect the tolerance of these genomes to genetic manipulation. Alternatively, it is possible that the importance of unprocessed forms of p7 may be genotype specific. Indeed, differences in the processing efficiency of the E2-p7 region between genotype 1a and 1b sequences suggests that at Interestingly, the observation that unprocessed intermediates of p7 were not essential for infectivity indicated that both p7 and NS2 proteins did not require N-terminal signal sequences for their functions in this respect. Initial studies of p7 membrane topology have suggested a model in which the N and C termini are oriented toward the ER lumen (4) . Two recent studies, however, propose that p7 may adopt a second membrane topology in which its C terminus is cytoplasmically oriented, suggesting that the topology of p7 may be somewhat dynamic (11, 15) . More importantly, the localization of p7 to intracellular membranes is independent of an N-terminal signal sequence, suggesting the existence of internal targeting signals (11) . Similarly, in vitro studies of NS2 found that its N-terminal signal sequence was not required for membrane association, suggesting that NS2 also contains internal signals that mediate its proper targeting and subsequent insertion into membranes (37) . Moreover, it is possible that the N-terminal transmembrane domains of NS2 may adopt multiple membrane topologies, as suggested above for p7, which have distinct functions in the virus life cycle. Indeed, this idea has been suggested for other HCV proteins including E1, E2 and NS4B (6, 24, 26) . It will be of great interest to determine not only the membrane topology of p7 and NS2 in HCVcc but also how the dynamics of these topologies may affect the function of these proteins in the viral life cycle.
In conclusion, we have demonstrated that the p7 and NS2 proteins are essential for infectious virus production in HCVcc. We suggest that these proteins likely act in concert at an early stage in virion morphogenesis. Their identification in this regard solidifies these proteins as bona fide targets for novel antiviral therapies.
